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E-mail address: axel.diernfellner@bzh.uni-heidelbeVarious post-translational modiﬁcations have been identiﬁed that play a role in the function of cir-
cadian clocks. Among these, phosphorylation has been investigated extensively. It was shown that
phosphorylation inﬂuences half-life, subcellular localisation, transcriptional activity and conforma-
tion of clock components over the course of a circadian day. Recent observations also indicate that
time-of-day speciﬁc sequential phosphorylation of the Neurospora crassa clock protein FREQUENCY
is crucial for measuring time and thus for establishing a robust circadian rhythm. The circadian
clock of Neurospora is one of the best-investigated molecular clocks to date. In this review, we sum-
marise the data on what is known so far about the role of phosphorylation of proteins involved in
the Neurospora circadian clock.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In eukaryotic cells, ranging from fungi through to vertebrates,
circadian clocks consist of transcriptional/translational feedback
loops (TTFL), which drive the rhythmic expression of a large num-
ber of genes, either directly or indirectly [1–4]. At its core the cir-
cadian clock of Neurospora crassa is made up of the heterodimeric
transcription factor WHITE COLLAR COMPLEX (WCC) and its nega-
tive regulator FREQUENCY (FRQ). The WCC consists of the PAS
domain containing proteins WHITE COLLAR-1 (WC-1) and -2
(WC-2), which activate the expression of frq RNA, as well as a large
number of other genes. With a certain time delay FRQ enters the
nucleus and inactivates WCC, thus repressing its own synthesis.
At the end of a circadian day FRQ is degraded, and consequently
the repression of WCC is elevated and a new round of transcrip-
tional activation can begin. This cycling results in abundance
rhythms of frq RNA as well as FRQ protein with a period of approx-
imately 24 h [5].
Apart from Neurospora, the circadian clocks of plants, cyanobac-
teria, Drosophila and mammals have been studied extensively and
in the last decade many of the mechanistic details on the workings
of the clocks have been elucidated (for review see [6–15]). Among
the large number of discoveries it has become clear that clock com-
ponents are not solely regulated via TTFLs but also on a posttrans-
lational level. In 1994, the ﬁrst posttranslational modiﬁcationchemical Societies. Published by E
rg.de (A.C.R. Diernfellner).(PTM) of a clock component was identiﬁed in the Drosophila PERI-
OD (dPER) protein, which was shown to be progressively phos-
phorylated in the course of a circadian day [16,17]. Three years
later, the same observation was made with FRQ, the negative clock
element in Neurospora crassa, which becomes progressively hyper-
phosphorylated over time [18]. To date, apart from phosphoryla-
tion, ubiquitylation [19–23], sumoylation [24,25], acetylation
[26,27] and ADP-ribosylation [28] were found to occur in clock-
related proteins. However, phosphorylation is the best-studied
modiﬁcation so far and also appears to be the most important
one with respect to keeping the pace as well as the robustness of
the clock. In cyanobacteria it was shown that the circadian oscilla-
tion of phosphorylation even occurs independent of a TTFL [29]
emphasising the importance of phosphorylation events in molecu-
lar clocks. In eukaryotic circadian clocks phosphorylations occur in
the majority of the proteins involved [30] and phosphorylation sta-
tus inﬂuences their stability, activity and subcellular localisation
(see also [31]).
In this review, we present the current understanding of how
phosphorylation events inﬂuence, control and ﬁne-tune the circa-
dian clock of Neurospora crassa.
2. FRQ phosphorylation and protein stability
In Neurospora, the clock protein FRQ is the negative regulatory
element [32,33]. FRQ is expressed via the WCC and feeds back on
its own synthesis by inhibiting the transcription factor. In order
to abrogate repression, it is necessary for FRQ to be degraded overlsevier B.V. All rights reserved.
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new cycle of expression can begin. Therefore, the timed degrada-
tion of FRQ is crucial for establishing a robust rhythm of approxi-
mately 24 h. FRQ is progressively phosphorylated in the course of
a circadian day [18], which has been shown to be a prerequisite
for degradation of the protein via the ubiquitin proteasome path-
way [20,21,34–36]. In 2000 Liu et al. identiﬁed a phosphorylation
site in FRQ, Ser-513, and found that mutating Ser-513 results in a
dramatic reduction of the FRQ degradation rate giving a very long
period length [34]. Furthermore, Görl et al. identiﬁed two Ser/Thr-
rich PEST-like sequences in FRQ, PEST-1 and PEST-2 and could
show that deletion of the PEST-1 region also resulted in increased
FRQ stability and a lengthening of the endogenous period [35].
More notably though, they were able to show that these regions
could be phosphorylated by casein kinase 1a (CK-1a) and that
the kinase is in a stable complex with FRQ. In mammals and Dro-
sophila, the homologs of CK-1a, casein kinase 1d/e (CKId/e) and
DOUBLETIME (DBT), respectively, also play a major role in the
phosphorylation of core components of their circadian clocks. In
particular they are also involved in the progressive phosphoryla-
tion and degradation of their negative regulatory elements, the
PER proteins [6,30,31].
Over the years, a number of additional kinases and phospha-
tases have been found to have a direct effect on the temporal phos-
phorylation status of FRQ. Among them casein kinase 2 (CK2)
[37,38], protein kinase A (PKA) [39], protein phosphatase 1 (PP1)
[40] and protein phosphatase 4 (PP4) [41] were reported to inﬂu-
ence FRQ stability. Interestingly, while CK-1a- and CK2-directed
phosphorylation destabilises FRQ, PKA phosphorylation was found
to stabilise the protein. Likewise, dephosphorylation by PP1 and
PP4 increases FRQ half-life. The identiﬁcation of multiple kinases
as well as phosphatases that inﬂuence the stability of FRQ implied
that a ﬁnely balanced equilibrium between phosphorylation and
dephosphorylation tipped towards progressive hyperphosphoryla-
tion is a crucial mechanism to timing FRQ maturation and subse-
quent degradation in the range of hours.
One characteristic of circadian clocks is that they are tempera-
ture compensated, meaning a relative invariance of period length
over a physiological relevant range of temperatures. Not long
ago, it was elegantly shown that phosphorylation plays a crucial
role in achieving temperature compensation of the Neurospora
clock. CK2 but not CK-1a mediated phosphorylation is required
for timed FRQ degradation (also) at elevated temperatures. When
CK2 levels in the organism are reduced, FRQ is turned over more
slowly with increasing temperatures, leading to an increase in per-
iod length and thus an overcompensated clock [42].
Full length FRQ is a 989 aa protein with 132 serines and 56 thre-
onines. It was only recently that the extent of FRQ phosphorylation
was uncovered [43–45]. The combined data collected from SILAC
(stable isotope labeling by amino acids in cell culture) analysis
and mass spectrometry by Baker et al. and Tang et al. showed that
FRQ is phosphorylated at least at 85 sites. In total, 113 putative
phosphorylation sites were identiﬁed [43,44] which amount to
over 60% of all serines and threonines in the protein. A sizeable
portion of these sites can be phosphorylated in vitro by CK-1a
and/or CK2 [43], while some sites appear only to be phosphory-
lated when both kinases were added, indicating a role for one or
both kinases as a priming kinase for the other.
Via SILAC analysis, Baker et al. showed that progressive phos-
phorylation of FRQ is clustered, meaning that C-terminal regions
of the protein are multiply phosphorylated early in the circadian
day, while central and N-terminal portions are phosphorylated la-
ter. This implied that an ordered sequence of phosphorylation
events is required for a timed maturation and degradation of
FRQ. Mutational analyses of FRQ phosphorylation sites demon-
strated that – depending on the location of the respective Ser/Thrin the protein – mutation to Ala could either lengthen or shorten
the period length of the clock via alteration of the stability of
FRQ [43,44]. Phosphorylation sites that decrease FRQ stability are
located in the central region of FRQ (where the PEST-1 region is
also located [35]), whereas sites which increase the stability, and
consequently period length, were identiﬁed in the C-terminus of
FRQ. Thus, phosphorylations occurring early during the maturation
of FRQ appear to stabilise the protein while later phosphorylations
destabilise FRQ. However, given the large number of sites phos-
phorylated in FRQ and considering that mutations of single phos-
phorylation sites did not result in complete loss of rhythmicity
[43], it is highly unlikely that each individual phosphorylation site
serves a distinct function.
Recent results from our lab shed some light on these observa-
tions [46]. FRQ is a largely unstructured protein, yet the amino acid
composition is such that the N-terminal third is positively
charged with an isoelectric point (pI) of 9.7, while the middle
and C-terminal thirds are negatively charged with pIs of 5.9 and
4.3, respectively. Two amphipathic helices, FCD1 and 2 (for
FRQ-CK-1a interaction domain 1 & 2), in FRQ were identiﬁed
and found to interact over a long distance, bringing the basic
N-terminal domain in spatial proximity to the acidic middle and
C-terminal portion of FRQ. This interaction is essential for recruit-
ment of CK-1a as well as hyperphosphorylation of FRQ. FRQ-bound
CK-1a progressively phosphorylates the positively charged
N-terminal domain of FRQ at up to 46 sites triggering a conforma-
tional change that commits the protein for degradation via the
phosphorylation of the PEST-1 signal in the negatively charged
central portion of FRQ [46]. Hence, the number of phosphorylated
residues rather than speciﬁc sites determines the equilibrium
between a closed, stable and an open, unstable state of FRQ by
progressively weakening electrostatic interdomain interactions
(Fig. 1). This ﬁnding could also explain how phosphorylation of
the C-terminus increases FRQ half-life in that the additional
negative charges might strengthen the electrostatic interaction be-
tween N- and C-terminus and thus the closed conformation of FRQ.
Progressive, sequential and clustered phosphorylation of FRQ,
mainly via CK-1a and CK2, in a predetermined order ensures the
precisely timed fate of the protein. This order is at least to some ex-
tent achieved by the inaccessibility of phosphorylation sites due to
a closed conformation of the protein in the early maturation stage.
Additionally, an equilibrium between phosphorylation via the
casein kinases and dephosphorylation by PP1 and PP4 stretches
the half-life of FRQ to approximately 4.5 h and thus contributes
signiﬁcantly to the generation of a 24 h rhythm. Thus, one might
speculate, that FRQ phosphorylation progresses in a ‘‘2 steps for-
ward, 1 step back’’ manner. In mammals, CK-1e harbours an aut-
oregulatory domain in its C-terminus and autophosphorylation in
this region inhibits the kinase activity of the protein [47–49].
Due to its homology, CK-1a might also be inhibited by autophos-
phorylation. A dephosphorylation step would then be required to
reactivate the kinase and such a mechanism could also contribute
to timing the maturation of FRQ.
Thus, with the information to date, each individual FRQ mole-
cule can be seen as acting as a molecular eggtimer in the circadian
clock of Neurospora crassa. Yet, abundance rhythms and degrada-
tion kinetics of the FRQ pool have been shown to vary dependent
on the photoperiod under entrained conditions [50]. At ﬁrst glance
this appears to contradict the concept of a ﬁxed timer at the center
of the clock. However, when envisioning each FRQ molecule as an
individual timing device, it is reasonable to assume that time mea-
surement can still be modulated via the FRQ pool as a whole and
more speciﬁcally by the levels of FRQ present at a given time, as
well as by the pool’s heterogeneity in phosphorylation state. For
example, a small pool of mainly hypophosphorylated FRQ would
harbour a different time information than that of a large pool of
Fig. 1. Model of phosphorylation-dependent conformational change of FRQ. When FRQ is newly synthesised and hyperphosphorylated the positively charged N-terminus
(blue) interacts with the negatively charged middle and C-terminal regions (orange). In this ‘‘closed’’ conformation, sites important for subsequent degradation are protected
from phosphorylation. The conformation is strengthened by phosphorylations in the middle and C-terminal regions and weakened by N-terminal phosphorylations. Over
time FRQ-bound CK-1a progressively phosphorylates the positively charged N-terminus, which eventually triggers a conformational change due to electrostatic repulsion. In
this ‘‘open’’ conformation the PEST-1 domain in the central region of FRQ is exposed, which – when phosphorylated – commits FRQ for degradation via the ubiquitin-
proteasome pathway.
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when released into free-run. Accordingly different photoperiods
could yield FRQ pools containing distinct time information. Thus,
speciﬁc processes in the circadian clock could run in an hour-
glass-like manner, while the clock as a whole still remains an
entrainable and robust oscillator.
3. Phosphorylation regulates negative and positive feedback
and subcellular shuttling
The heterodimeric transcription factor WCC is made up of the
zinc-ﬁnger proteins WC-1 and WC-2, which interact via their
PAS-domains [51]. Complex formation is crucial for the stability
of WC-1, which is the limiting factor of the transcription factor
complex [52], while WC-2 is stable in the absence of WC-1 and ex-
pressed in excess over its interaction partner [53,54].
The main function of FRQ is to repress WCC activity and conse-
quently its own synthesis. As a repressor, FRQ inhibits WCC activity
by mediating the phosphorylation-dependent inactivation of the
transcription factor [32,55] but also positively feeds back on the
WCC supporting its accumulation [33,53,56].
As mentioned earlier, FRQ is in a stable complex with CK-1a but
also with the RNA-helicase FRH, both of which are essential for po-
sitive and negative feedback [35,46,57–62]. Regarding the subcel-
lular localisation of the FRQ/CK-1a/FRH-complex, the majority is
located in the cytosol under steady state conditions, although
FRQ contains a functional NLS and is required to enter the nucleus
for the clock to function [63]. Yet, upon FRQ induction early in the
circadian day, levels of the hypophosphorylated protein rapidly
rise in the nucleus [33,45]. Only later, with progressive hyper-
phosphorylation does FRQ accumulate in the cytosol to high levels.
At ﬁrst glance both distinct FRQ populations fulﬁll different func-
tions. We could show that while nuclear FRQ is required for
inactivation of WCC, cytosolic FRQ mainly promotes WC-1 expres-
sion, so that its function is separated in a temporal as well as a
spatial manner [33]. Further in-depth research revealed that both
positive and negative feedback is achieved by the same mecha-
nism, namely FRQ-dependent phosphorylation of the WCC, via
its interaction partner CK-1a, which prevents DNA binding.
DNA-bound hypophosphorylated WCC is active and unstable,
while unbound phosphorylated WCC is inactive and stable [64].
Interestingly, phosphorylation of the PEST-2 region of FRQ
(Ser885/887) was found to be crucial for WC-1 stability and thus
positive feedback [33]. However, the mechanism by which the
PEST-2 contributes to WC-1 stability is unknown.
Phosphorylation-dependent maturation of FRQ changes its sub-
cellular distribution from predominantly nuclear during its hypo-
phosphorylated state to predominantly cytosolic with progressive
hyperphosphorylation. Our lab recently demonstrated that FRQ
shuttles rapidly between the cytosol and the nucleus, and thatshuttling kinetics are directly inﬂuenced by phosphorylation [45].
We developed an in vivo nucleo-cytoplasmic shuttling assay based
on rapamycin-induced complex formation of FK506-binding pro-
tein (FKBP) and the FKBP-rapamycin-binding domain of mTOR
(FRB) [65], which were fused to histone H1 and FRQ, respectively
[45]. The results strongly indicated that with progressive phos-
phorylation, import kinetics slow down and import appears to be
completely blocked in hyperphosphorylated FRQ.
As opposed to FRQ, the WCC is not as extensively phosphory-
lated and only a few phosphorylation sites have been identiﬁed
to date [55,66]. While CK-1a and CK2 mediated phosphorylations
destabilise FRQ, they were found to have the opposite effect on
the WCC [64]. Thus, contrary to the progressive phosphorylation
of FRQ – which eventually leads to a shift in the function as well
as to the timed degradation of the protein – phosphorylation of
distinct sites in WCC are more likely to act as a switch in the reg-
ulation of activity and stability. Apparently both, phosphorylation
switches and timers, play a role in circadian clocks [30].
In addition to CK-1a and CK2, two other kinases were reported
to phosphorylate WCC. Phosphorylation by protein kinase C (PKC)
destabilises WC-1 and the proteins interact in a light dependent
manner [67]. Protein kinase A (PKA), found to stabilise FRQ, also
acts as a priming kinase for FRQ mediated CK-1a and CK2 phos-
phorylation of WCC [39].
As a transcription factor, WCC fulﬁlls its function in the nucleus.
Cell fractionation analysis showed that WC-1, the limiting factor of
theWCC, is almost exclusively nuclear, whereas WC-2, located pre-
dominantly in the nucleus was also found in the cytosol [32,54].
These results were to be expected since both subunits of WCC con-
tain a putative NLS [68]. However, live cell imaging of Neurospora
strains expressing GFP-tagged WC-1 and WC-2 revealed that a
sizeable pool of cytosolic WCC does exist. Additionally, with FRAP
analysis (Fluorescence Recovery After Photobleaching), where nu-
clei were bleached with a laser pulse, a recovery of ﬂuorescence
was observed within minutes, indicating that the nuclear pool of
WCC is exchanged rapidly [64]. The phosphorylation status of nu-
clear and cytosolic WCC differs under steady state conditions in
that it is high in the nucleus and low in the cytosol [32]. Similar
to FRQ, the phosphorylation status of WCC is controlled by phos-
phatases, as well as kinases. The protein phosphatases PP2A and
PP4 have been found to counteract the CK-1a- and CK2-dependent
phosphorylations of WCC. Dephosphorylation of WCC by these
phosphatases results in the reactivation of the transcription factor
[32,41,64]. PP2A is exclusively cytosolic, which explains the lower
phosphorylation state of WCC in the cytosol under steady state
conditions [64]. In addition, knockdown of the PP2A regulatory
subunit rgb-1, as well as PP4 results in the accumulation of hyper-
phosphorylated WCC in the cytoplasm, indicating that dephospho-
rylation is required for translocation of the transcription factor
complex into the nucleus [39,63].
Fig. 2. Interdependent life- and nucleo-cytoplasmic shuttling cycles of FRQ and WCC. Hyperphosphorylated, inactive WCC is activated by PP2A- (and very likely PP4)
dependent dephosphorylation in the cytosol and then imported into the nucleus. Active WCC binds to frq and other target genes and activates their expression. DNA-binding
destabilises WCC and leads to rapid degradation of the complex. Newly synthesised, hypophosphorylated FRQ forms a stable complex with CK-1a and FRH, accumulates in the
nucleus and inactivates WCC by supporting its phosphorylation by CK-1a and CK2. Priming phosphorylation of the WCC by PKA is required for subsequent casein kinase
mediated phosphorylation. Inactivated, hyperphosphorylated WCC is exported to the cytosol, dephosphorylated and rapidly reimported. Thus, the steady state concentration
of active, nuclear WCC is high. The inhibitory FRQ/FRH/CK-1a complex (FFCC) also shuttles rapidly between cytosol and nucleus in a phosphorylation-dependent manner.
Over the course of a circadian day FRQ is progressively phosphorylated and import of the FFCC is throttled. Therefore, late in the circadian cycle FRQ accumulates in high
levels in the cytosol: Cytoplasmic PP2A- and PP4-dependent dephosphorylation of the WCC is antagonized by FRQ-dependent phosphorylation via CK-1a and CK2, leading to
a delay in WCC reactivation and nuclear import. Progressive, sequential and clustered phosphorylation eventually leads to the degradation of FRQ, and levels of
hypophosphorylated WCC rise again. Hence, phosphorylation-dependent abundance cycles of FRQ and shuttling kinetics control the steady state levels of active nuclear WCC
in a circadian manner.
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the core feedback loops of the Neurospora circadian clock, with
each step dependent on the phosphorylation state of the proteins
involved (Fig. 2). From the current understanding, hypophosphory-
lated WCC is transcriptionally active and expresses FRQ (among a
large number of other clock controlled genes). Hypophosphorylat-
ed FRQ is predominantly nuclear, where it mediates phosphoryla-
tion of WCC by CK-1a and CK2 (WCC phosphorylation is strictly
dependent on the FRQ-bound fraction of CK-1a) and consequently
inactivates the complex (negative feedback). WCC rapidly shuttles
between the cytosol and the nucleus. Exported WCC is dephospho-
rylated by PP2A (and probably also PP4) in the cytosol, re-entering
the nucleus where it can further drive the expression of clock-
controlled genes. DNA bound, active WCC is unstable and prone
to degradation. Thus, subcellular shuttling of WCC must be accom-
panied by cycles of phosphorylation and dephosphorylation on a
similar timescale. With rising protein levels and phosphorylation
status, FRQ progressively accumulates in the cytosol, where it
counteracts the PP2A-dependent dephosphorylation. In this phase,
hyperphosphorylated WCC accumulates in the cytosol, where it is
kept inactive and stable (positive feedback) [41,61,64]. Thus, FRQ
regulates transcriptional repression as well as WCC accumulation
via the same mechanism.
Progressive hyperphosphorylation of FRQ is precisely timed via
a ﬁne-tuned equilibrium of phosphorylation by mainly CK-1a and
CK2 on the one hand and PP1 and PP4 on the other. Although
FRQ shuttles rapidly between the cytosol and nucleus, hyper-phosphorylation compromises the import kinetics and eventually
FRQ accumulates in the cytosol. Extensive phosphorylation leads
to a conformational change of FRQ, which is a prerequisite for
FRQ-bound CK-1a-dependent phosphorylation of sites in the cen-
tral portion of the protein. Phosphorylation of these sites is re-
quired for the subsequent degradation of FRQ. Consequently,
when FRQ levels drop below a certain threshold, hypophosphory-
lated WCC accumulates and a new cycle of gene expression starts.4. Other kinases
Additional kinases have been demonstrated to phosphorylate
FRQ. A Ca/CaM-dependent kinase (CAMK-1) has been shown to
phosphorylate FRQ in vitro to a signiﬁcant extent. A camk-1 knock-
out affected the phase of the clock yet did not lead to arrhythmicity
of the clock suggesting a subtle or redundant effect of CAMK-1 on
the clock [69]. PRD-4, an ortholog of mammalian checkpoint kinase
2, was shown to physically interact with FRQ and to promote its
phosphorylation [70]. However, the molecular role of these kinases
in the regulation of FRQ is still largely unknown.5. Conclusions and perspectives
Phosphorylation of clock proteins plays a central role in the
molecular machinery of all circadian clocks studied to date. The
collected data on phosphorylations of the Neurospora clock
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with which phosphorylations make the clock tick. In ﬂies and
mammals, the subcellular localisation, stability and activity of
the PER proteins are regulated by casein kinase directed phospho-
rylations in a similar manner as FRQ in Neurospora [71,72]. Consid-
ering the highly conserved role of casein kinases in eukaryotic
clocks and recent reports of phosphoclusters and sequential
phosphorylation in Drosophila PER [22,73] the question arises
whether casein kinase 1 mediated phosphorylation might also
trigger conformational changes in other eukaryotic circadian sys-
tems. Interestingly, the charged residues in dPER are not evenly
distributed. While the N- and C-terminal regions (aa 1–200 and
1000–1224, respectively) are rather acidic, a central portion be-
tween residues 600–900 is quite basic. This basic region was
shown to be efﬁciently hyperphosphorylated by overexpressed
DBT in S2 cells [73]. Thus, a similar mechanism of conformational
change might occur in dPER, which would be interesting to
investigate.
To date no additional PTMs, other than phosphorylation and
ubiquitylation, could be identiﬁed in Neurospora and Drosophila,
while mammalian clock proteins were found to be also sumoylat-
ed, acetylated and ADP-ribosylated [18–27]. Thus far, there is no
experimental data leading to the assumption that these modiﬁca-
tions are required in the Neurospora clock mechanism. However,
absence of evidence does not imply absence and therefore we can-
not exclude the possibility. Hence, although we have learnt a lot in
the past decade regarding PTM in circadian clocks, we are still far
from obtaining a complete picture. For example, the particular
mechanisms by which phosphorylations affect the clock compo-
nents are still unknown to a large extent. How do phosphorylations
prevent DNA binding of the WCC (at least one phosphorylation site
in WCC was identiﬁed to play a role in WCC activity [54]. However,
phosphorylation of this site reduces WCC activity rather than com-
pletely repressing the transcription factor)? Which sites in WC-1
and/or WC-2 are phosphorylated that lead to the degradation of
the complex? What other kinases and phosphatases are involved
in the modiﬁcation of Neurospora clock proteins? This question
might be addressed via various approaches: a large-scale drug
screening using the ever-increasing number of commercially avail-
able kinase and phosphatase inhibitors and test their effects on the
clock. However, not all inhibitors are taken up by Neurospora and
can be used in an in vivo approach. A second option might be to
screen kinase and phosphatase knockout strains for effects on the
clock components. The drawback of this method is that many of
these enzymes are essential to the organism. A third approach
could be to overexpress and purify, or commercially obtain, kinases
and use them to phosphorylate the known clock components in an
in vitro approach. This method could even be expanded to gain a
global insight into protein phosphorylation in Neurospora on the le-
vel of the whole proteome by using array-based experiments, as it
was done for yeast in 2005 [74]. Therefore, despite the many recent
discoveries, there is still much to learn and it will be thrilling to see
how new pieces of discovery ﬁt into the ever-growing Neurospora
circadian clock puzzle.
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